Study of ionomer/catalyst ratio of three non precious metal catalysts for fuel cells. Electrochemical Impedance Spectroscopy highlights key factors influencing performance. Performance metrics from EIS guide an iterative approach to maximise performance. Simple flow diagram allows rapid determination of optimum ionomer/catalyst ratio. a r t i c l e i n f o Keywords: Nafion content Ionomer to catalyst ratio Non-precious metal catalysts Electrochemical impedance spectroscopy Oxygen reduction reaction a b s t r a c t
Introduction
Commercialisation of low temperature fuel cells requires significant cost reductions [1] . Replacing expensive platinum at the cathode with non-precious metal based catalysts (NPMCs) is a promising option. Numerous different catalysts have recently been developed that are all based on carbon doped with heteroatoms, such as nitrogen, and transition metal centres such as Fe or Co [2] . Although these materials show remarkable activity under fuel cell operating conditions, their intrinsic catalytic activity is still lower than that of Pt [2, 3] . Due to the lower price, a higher loading is required to compensate for this drawback. However it is not possible to increase the thickness of the catalyst layer (CL) in the membrane electrode assembly (MEA) beyond a certain value. This is partly because proton resistance (r H þ ), electronic resistance of the CL (r el_cath ) and mass transport resistance (r mt ) become limiting factors as the thickness is increased. This will eventually outweigh the benefit of more catalyst. Therefore the US department of energy (DoE) defined targets (2020) for the volumetric activity of nonprecious metal catalysts of >300 A cm À3 at 0.8 V cell voltage [4] .
It has been shown that the ionomer to carbon (I/C) ratio is a significant performance determining factor, both for Pt based catalysts and for non-precious metal catalysts [5, 6] . Moreover for Pt on carbon it has been shown that the optimal ionomer content depends strongly on the microstructure of the carbon support and the influence of the ionomer content on the proton conductivity has also been well investigated [6, 7] . The typical I/C ratio for platinum based catalyst layers is between 0.9 and 1.0 [6] . These studies helped to understand the behaviour of the catalyst layer and provided information that led to a significant performance increase in cathodes operated with platinum based catalysts. However, these results cannot be easily translated to cathodes operated on NPMCs. This is firstly because the microstructure and composition of newly developed NPMCs varies widely [3] . Secondly, while the activity of precious metal catalysts is localized on micro-and/or nanoparticles that are attached to the carbon support, the activity in non-precious metal catalysts is believed to be highly dispersed within the structure itself or situated on the opening of micropores [8] . This has tremendous impact on the requirements for proton and gas transport within the catalyst layer.
Much work has been devoted to tune the ionomer content and electrode preparation process for precious metal catalysts in order to facilitate efficient proton and gas transport to the reaction site and water away from the reaction site [9e20] . While a homogeneous ionomer coverage is on the one hand desired for effective proton transport it is on the other hand detrimental for the gaseous reactant transport as it creates a barrier for the reactant to access the active site, resulting in mass transport resistance. Numerous NPMCs have already been reported in fuel cells under different conditions and with various ionomer loadings [21e26] . However to date there is no study that investigates the species transport phenomena present within such catalyst layers.
Here, we employ impedance spectroscopy in combination with a varying ionomer content on three different NPMCs with different activity and microstructure to investigate the impact of the I/C ratio on their performance. Experiments were made in the presence and absence of reactant in order to gain deeper insight into the operation of the fuel cell and to determine whether the ionomer content is too high or too low by EIS. This analysis opens the way to a understanding of the behaviour of non-precious metal catalyst layers, which is fundamental for the further development of alternative oxygen reduction reaction catalysts. Furthermore it helps to develop a simple strategy for the estimation of the optimal I/C ratio for a newly prepared NPMC thus accelerating developments in this field.
Experimental

Catalyst synthesis
The catalyst denoted FeCo was synthesized following a published method [27] . In a typical route, 0.5 g of carbon black (Ketjenblack ® EC-600JD) was refluxed in 200 mL of a 1.0 mol dm À3 HCl solution at 80 C for 8 h to remove trace metals from the carbon black. Subsequently, this was vacuum filtrated, washed with plenty of ultrapure water (18.2 MU cm) and dried at 80 C for 10 h. 200 mg of this pre-treated carbon black was weighted and dispersed in approximately 70 mL of absolute ethanol in an ultrasonication bath. A separate beaker was used to dissolve, in 30 mL of absolute ethanol (VWR), 0.0058 g of FeCl 3 (Sigma-Aldrich), 0.0063 g of Co(NO 3 ) 2 (Sigma-Aldrich) along with 2 mL of N-ethylamine (Sigma Aldrich). This solution was added to the carbon black suspension and left to reflux for 8 h at 80 C in a water bath. Subsequently, the resulting solids were filtered and washed with ultrapure water and dried in an oven at 100 C for 8 h. The dried powders were heattreated in a tubular oven at 900 C under nitrogen atmosphere for 1 h after ramping the temperature from room temperature at 20 C min
À1
. Finally, the catalysts were refluxed in 100 mL of 0.5 mol dm À3 H 2 SO 4 at 80 C for 24 h to remove soluble metal phases. This suspension was vacuum filtrated and washed with excess ultrapure water and dried at 80 C for 10 h. The catalyst denoted Fe-1 was prepared as per another literature method [28] . In a 250 mL round bottom flask, 
Rotating disk electrode measurements
For the electrochemical experiments using the Rotating Disk Electrode (Pine Instruments, model AFE6R1AU having a mirror polished glassy carbon as disk and rotator model AFMSRCE), the catalyst was deposited on the glassy carbon disk following a procedure described in the literature [29] . A three compartment electrochemical glass cell was used for the aqueous electrochemical tests; the 0.5 mol dm À3 H 2 SO 4 electrolyte was prepared from concentrated H 2 SO 4 97% Aristar from VWR. The RHE reference electrode (GaskatelHydroFlex) was ionically connected to the main compartment of the electrochemical glass cell via a Luggin-HaberCapillary. A glassy carbon rod was used as counter electrode and ionically connected to the main compartment of the glass cell through a porous frit. Glassy carbon was used as the counter electrode material instead of Pt or Au in order to avoid contamination with catalytically active precious metals. A potentiostat/galvanostat (Autolab, model PGSTAT20) was used for potential or current control during the electrochemical measurements. Steady state oxygen reduction reaction polarisation curves, performed in O 2 saturated electrolyte solutions were obtained via step potentials of 30 mV with a waiting time of 30 s. Ultrapure gases utilized in this study were Nitrogen and Oxygen (BIP plus-X47S, Air products, 99.9999%).
Single cell setup and performance evaluations
Membrane Electrode Assemblies (MEA) were prepared according to a method developed by Paganin et al. [30] Briefly, considering the targeted I/C ratio, the desired amount of carbon catalyst was mixed with Nafion™ ionomer solution (Aldrich, 5 wt%) and 1.5 mL of isopropanol. This solution was homogenized in an ultrasound bath for 10 min, followed by complete evaporation of the solvents at room temperature. The dried solids were dispersed in isopropanol and quantitatively deposited on a gas transport medium (Toray paper TGP 60 with microporous layer, Alfa Aesar). As anode electrodes, commercial Johnson Matthey platinum electrodes, at a platinum loading of 0.4 mg Pt , for 3 min. The thicker Nafion™ 115 membrane was deliberately chosen over the thinner 221 membranes in order to avoid the possibility of any Pt crossover from the anode. Single PEFC tests refer to a 5 cm 2 electrode area and single serpentine flow fields (PEFC hardware from Fuel Cell Technologies, Inc.). During PEFC tests pure hydrogen (White Martins, 99.99%) was used at a flow rate of 160 ccm and pure oxygen (White Martins, 99.99%) at a flow rate of 550 ccm. Both anode and cathode compartments of the cell were pressurized with a backpressure of 2 bar (gauge). PEFCs activation and polarisation curves were performed under galvanostatic mode with a fuel cell test station from Fuel Cell Technologies, Inc. The fuel cell hardware was maintained at a temperature of 80 C. Different relative humidity values were achieved by adjusting the temperature of the humidification bottles. Moreover the backpressure of the system was corrected to account for the different water partial pressure and to match the back pressure at 100% RH. Before any data collection it was ensured that the cell was stable at the respective current density, with a potential drift below 5 mV/h.
AC impedance measurements
Electrochemical Impedance spectroscopy (EIS) experiments were carried out from 100 kHz to 0.1 Hz and at 10 points per decade using a potentiostat/galvanostat, Autolab model 302 N. Measurements were carried out in the H 2 /O 2 PEMFC working under galvanostatic mode, with the AC current modulation (peak-to-peak) being 5% of the DC current when oxygen was present at the cathode. For measurements in the absence of oxygen, the cathode was purged with argon for 30 min prior to EIS measurement under flowing Ar (550 sccm). For these measurement EIS was conducted potentiostatically at 0.1 V with an AC excitation of 5 mV p-p (i.e. 5% of polarisation). It was ensured that no faradaic current was detected prior to data collection. Linearity of the current/potential response was verified for every measurement. Cells were conditioned at the desired DC current or the desired potential for 60 s prior to EIS experiments. Care was taken to minimize the inductance of the collection leads and cell. Moreover, to ensure a good signal to noise ratio, every data point was collected over 5 integration cycles with an integration time of 0.125 s per cycle. To further ensure validity of the collected data, collection was made from high to low frequency, as well as from low to high frequency for selected cells with several hours of operation in between. No significant deviation was detected. All data were checked for Kramers-Kronig conformity according to an improved method developed by Schoenleber et al.
[31e33] No drift in the spectra were detected. The correction of the Impedance spectra for high frequency resistance was performed in order to allow a better cross comparison of the catalysts. The correction also reveals the important 45 degree feature in the Bode phase plot. Correction was performed by subtracting the high frequency resistance extracted from the high frequency intercept on the real axis of the Nyquist plot, where the phase angle is zero. The phase angle and modulus were then recalculated with the corrected real part of the impedance and plotted accordingly.
Scanning electron microscopy
The SEM samples were prepared by freeze fracturing at liquid nitrogen temperature in order to ensure a clean cut. A Hitachi TM3030 operated in secondary electron mode was used for recording the images of the MEA cross section at low magnification. For the high resolution catalyst layer images, a high resolution field emission gun scanning electron microscope (LEO Gemini 1525 FEGSEM) was used.
Results and discussion
To characterize the structural differences of the catalysts, the BET surface area was determined by nitrogen adsorption analysis. The isotherms can be found in the Supporting Information. The BET measured micropore, mesopore and total surface areas of the catalyst powders are shown in Table 1 . Not only do these catalysts have a different total BET surface area, but also the ratio of macroporous to microporous surface are different.
The Barrett-Joyner-Halenda (BJH) pore size distribution is also qualitatively different for each sample (see Supporting Information S2 and S3). Results in Table 1 show that these catalysts have a different total BET surface areas and different ratios of macroporous to microporous surface. While the templated catalyst Fe-2 has a significantly higher proportion of pores in the 50 Å range, the nontemplated catalyst Fe-1 has a significantly lower surface area in this range and exhibits a maximum of pore size distribution in the 100e200 Å range. The Ketjen Black based catalyst (FeCo) on the other hand does not present a distinct maximum in the pore size distribution at these pore size ranges because this maximum is more shifted towards smaller pores. All these structural differences might lead to a different covering and pore filling mechanism of Nafion. Hence the optimal Nafion content might not necessarily be easily correlated to the BET surface area.
The electrochemical performance of the differently prepared Fig. 2 . High resolution SEM images at low resolution (LHS) and high resolution (RHS) of catalyst layer cross section for the cathode with catalyst FeCo a) I/C 0.5 b) I/C 1 c) I/C 2 (see Supporting Information S10 e S12 for original microscopy images and S13 and S14 for images of catalyst Fe-1 and Fe-2 ) at the same potential. These results demonstrate the differences in the surface area and microstructure, as well as in the activity of the different catalysts.
These materials were fabricated into membrane electrode assemblies (MEA) for single cell performance testing under real operating conditions. The cathode catalyst loading used in this study was 4 mg/cm 2 , while the anode loading was 0.4 mg Pt /cm 2 (Alfa Aesar, Johnson Matthey Hydrogen Reformate/Cathode). A relatively high Pt anode loading was chosen in order to ensure that no limiting effects of the anode reaction, which could interfere with the results, were experienced. Fig. 1b shows a representative scanning electron micrograph of the MEA cross section of such a cell. It can be clearly seen that the non-precious metal catalyst layer on the right hand side is significantly thicker (~100 mm) compared to the anode catalyst layer on the left hand side (~10 mm). Such thin catalyst layers as seen in the anode are representative of those seen on the cathode when platinum is used as electrocatalyst. This illustrates the large difference between Pt based and NPMC catalyst layers. This large thickness has a significant impact on properties such as proton and mass transport. It has been shown that the catalyst layer can be represented by a transmission line equivalent circuit, as shown in Fig. 1 c and d [10] . Fig. 1 c shows the transmission line in the absence of a faradaic reaction, i.e. the conditions used where an inert gas such as Argon is supplied to the cathode. Fig. 1 d shows the model in the presence of a faradaic reaction, hence under normal operation. High resolution SEM images of the catalyst layers of different ionomer content are shown in Fig. 2 . It can be clearly seen that ionomer agglomerations are increasingly present for increasing ionomer loading in the sample. It also visualises the structural difference of the 3 investigated catalysts, additional to the difference in BET surface area, microporous and external surface area and BJH pore size distribution.
Electrochemical impedance spectroscopy (eis) on single cells operating on H 2 /O 2 can be used to extract the high frequency resistance, which is associated with the electronic resistances of the current leads and cell assembly as well as of the membrane. The high frequency resistance corrected cell potential values, Nyquist and Bode plots are better suited to compare catalyst performance, since unrelated performance losses are compensated for. This high frequency corrected cell potential is given by
where E HFR-free is the high frequency corrected cell potential in V, E cell is the measured uncorrected cell potential in V, j is the current density at the respective cell potential in A cm À2 and HFR is the high frequency area specific resistance, as extracted from the real value of the impedance at 0 phase angle in U cm 2 . Fig. 3 presents plots of the iR free cell potentials versus current density for the different electrodes, operated with the respective catalysts at different ionomer loadings. Ionomer to catalyst ratios between 0.5 and 3 have been chosen in this study as the optimum value always falls within this range. This is not surprising, given the difference in activity and microstructure. However it is time consuming to determine the optimum ionomer ratio for a specific catalyst. While for the catalysts FeCo and Fe-2 an I/C ratio of 1 has been identified as the optimum, for catalyst Fe-1 it is 1.5. The current density at 2 different iR corrected cell potentials are depicted in Fig. 3 on the right hand side. It can be seen that at low current densities i.e. high cell potential, the trend is not the same for the catalysts FeCo and Fe-2 which operate better with a low ionomer content at high current densities. For the catalyst Fe-2, at low current density, a higher ionomer content is indeed beneficial. The reason might be that with a higher ionomer content more active sites might be accessible. However this benefit might be lost at high current densities, where proton and mass transport become more important.
Further insights into the fuel cell cathode performance can be gained from electrochemical impedance spectroscopy measurements in the absence of a faradaic reaction. Although simple, the transmission line model is suitable to examine H 2 /Argon PEMFC single cell properties [6, 13, 14] . The impedance derived from this transmission line model is given by Ref. [34] :
where R D is the total distributed resistance and C D the total distributed capacitance. Applying asymptotic approximations one arrives at a 45 line at high frequency and a vertical line towards low frequency in the Nyquist plot [34] . From this feature the proton resistances in catalyst layers have been extracted for Pt based catalysts [6, 7, 13] . Furthermore one can extract the frequency dispersion in these electrodes which gives rise to the constant phase element (CPE) and is defined as [35] .
where, Q is the parameter related to the electrode capacitance (F s fÀ1 cm À2 ), and f is the constant phase exponent and related to the deviation from the pure capacitive line of 90 towards an angle of 90 *f in the Nyquist plot at low frequencies or a deviation of the limiting phase angle below 90 in the Bode phase angle plot [35] . The origin of this CPE can be attributed to adsorption/diffusion processes at the catalyst surface [35] . A CPE behaviour in a fuel cell electrode could therefore originate from inhomogeneous proton diffusion towards the gas diffusion electrode, where the proton mobility is restricted due to low or inhomogeneous ionomer coverage. Hence a higher frequency dispersion might be detrimental for cell performance. The results for operation in H 2 /Argon (Fig. 4) show that there is a consistent predictor across all three catalysts for the best performing ionomer/carbon ratios. The predictor is based on the phase angle response at low and high frequencies. The best performing systems meet the following criteria: a) At high frequencies they show phase angles close to 45 (c.f. Eq (2)) b) At low frequencies, they maintain phase angle shifts close to 90 up to the highest possible frequency (c.f. Eq (3)) Moreover, there are two aspects of the phase angle shift which can be used to ascertain whether a catalyst layer has too much or too little ionomer in it: a) Catalyst layers with too much ionomer show phase shifts below 45 , and tend to approach shifts of 30 (e.g. I/C 1.5,2 and 3 for catalyst FeCo, I/C 2 for Fe-1 and I/C 1.5 and 2 for Fe-2 all show phase angle minima of 30 and contain more ionomer than the optimum value) b) Catalyst layers with too little ionomer deviate from the low frequency 90 plateau at much lower frequencies than catalyst layers with excess ionomer (e.g. I/C 0.5 for FeCo, I/C 0.5 and 1 for Fe-1).
Hence cells with the highest performance are those which remain close to the 45 phase shift at the highest frequency (red dashed lines in plots) and which show an extended plateau region of ca. 90 in the low frequency Bode phase angle plot. We rationalise this criteria thus: If the electrode is fully flooded with ionomer then the entire porous structure is accessible with the lowest possible pore resistance, and so the system shows an extended low frequency region in which the response is dominated by the electrode capacitance. In our case all electrodes seem to asymptotically approach a limiting phase angle of 85 at low frequency suggesting the constant phase exponent, 4, is close to one. As the ionomer content is decreased, this gives rise to an increasing pore resistance and decreasing coverage of the ionomer on the carbon shifting the phase angle response from~85 to lower values at a given frequency (i.e. the pole in the frequency response shifts down in (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) frequency). Increasing the ionomer content above the minimum required to suitably access the entire surface area of the catalyst will result in extra transport losses to no benefit of the catalyst performance. The response at high frequency is rationalised on the basis of Eq (2) [34] , which predicts a 45 angle line in the phase plot at high frequency [13] . It is interesting that the poorly performing electrodes (i.e. those with too much ionomer) show high frequency phase angles which fall below this value and seem to approach a characteristic value of 30 . This anomalous effect in the Nyquist plot can also be seen in the fuel cells operating with oxygen on the cathode (Fig. 5, left) , especially for the FeCo catalyst. Interestingly, this behaviour seems to be correlated with the performance of the iR-corrected results, especially at higher current densities, depicted in Fig. 3 .
Another interesting finding is that at high current densities, a significant Warburg impedance is visible in the impedance spectrum (Fig. 6) , for the MEAs operating with the better performing catalysts Fe-1 and Fe-2.
This is deduced because of the clearly visible 45 line or indication of a second arc at low frequencies ( Fig. 6 b and c left) , especially for catalyst Fe-1 at its optimal I/C ratio of 1.5 and the catalyst Fe-2 at its optimal I/C ratio of 1. This means that a significant mass transport resistance is present even at a relatively low current density of 1.2 A cm À2 . Usually single cells with a similar active area working with Pt based cathode catalyst under pure oxygen can reach current densities that are up to 3e5 times higher before experiencing mass transport limitations [36] . This indicates that not only proton conductivity and catalytic activity have to be optimised, but also the gas transport properties of the catalyst layer have to be taken into account, in order to eventually reach performances similar to Pt based cathodes. Furthermore it can be seen that the maximum in the phase angle (Figs. 5 and 6 right) of the Bode phase plots in the cells operating under H 2 /O 2 shifts to lower frequencies at a higher ionomer loading. This is more pronounced under higher current densities, and might indicate that the dispersion of time constants of individual ReC elements within the catalyst layer is increasing [35] . In all cases the compositions with the maximum performance are those with the smallest absolute magnitude at low frequencies.
To confirm whether the deviation from the 45 slope, as seen in Fig. 4 , can be solely attributed to the ionomer content and is not related to catalyst layer thickness, electrodes with a different loading and hence different thickness were prepared, while using the optimal ionomer content as determined before. Fig. 7a shows the corresponding H 2 /Argon single cell Nyquist impedance plot. It can be seen that the slope at high frequency follows the 45 slope without any dependence on the thickness. To rule out any effect of the back pressure, spectra with and without backpressure were recorded (Supporting Information), and these did not evidence a significant effect. These results clearly show that this phenomenon can be solely attributed to processes related to the ionomer. Furthermore, the fact that this effect is present in the absence of a Faradaic reaction means that it is likely correlated with the proton conductivity. To investigate whether this is a structural feature of the electrode or dependent on the operating conditions, the relative humidity and thus the proton conductivity was varied (Fig. 7b,(c) ). For a lower RH value, as expected the proton resistance increases.
However for the system with the optimum I/C ratio (Fig. 7b) , the 45 slope was retained at all humidities. This indicates that the operating conditions do not exhibit an influence that affects this high frequency feature at the optimal ionomer loading. However a more profound effect is seen for a non-optimised I/C ratio, Fig. 7c . In this case there is a significant variation in the high frequency response with a range of different limiting phase angles seen in the Bode plot.
The impedance study of porous electrodes is a well-developed topic, as it has tremendous practical importance [20,34,35,37e47] . The deviation from 45 at high frequency observed here has been ascribed to different effects. For example, Keiser et al. modelled the impedance response for pores with different shapes [41] . The model is based on a recursive method where the disc is divided into segments with fixed height and radius. Each pore has its own electrolyte resistance and double layer capacitance. The electrolyte resistance down the pore varies according to the respective cross section in this segment. Therefore pores of different shapes can be constructed. The standardized pore impedance is then obtained by a recursion formula. More details are given in Refs. 32 and 35. This means that for the pore with a narrow neck and wide body, the resistance decreases, as the A/C current penetrates deeper into the pore and the cross section has a larger radius. The situation is different for the narrowing pore, which has an increasing resistance. In summary, it is found that pore shapes which significantly deviate from a cylindrical geometry lead to a behaviour in the Nyquist plot which is intriguingly similar to that observed in our spectra. This model predicts that when a pore has a narrow mouth and a wide body, the slope drops significantly below the typical 45 , while having a wide pore mouth and narrowing down towards the end of the pore provides a line that stays above 45 as observed for our spectra with low ionomer content. The slope calculated for the perfect cylindrical pore yields the 45 high frequency slope.
These findings have been used to suggest an explanation for the behaviour observed in our spectra. Fig. 8a depicts a model of the carbon particles covered with ionomer. Depending on the ionomer loading different scenarios of pore filling are possible. A too low ionomer loading can lead to pores that are not homogenously covered. The ionomer thickness down the pore would be decreasing as shown in Fig. 8b (left) and the active sites within this pore would not be fully ionically accessible. This would reduce the catalyst utilisation and hence the performance of the electrode. It is assumed that the ionic conductivity of the structure is correlated with the thickness of the ionomer coverage. This can be done as the absolute resistance of an electrolyte (in this case Nafion) is inversely proportional to the area the current of ions is moving through. This means going further down the pore, the cross sectional area of Nafion in the pore decreases and the ionic resistance increases. This is analogous to having a completely electrolyte filled pore which narrows down, thus reducing the electrolyte cross sectional area and increasing the resistance (Fig. 8b middle) . The corresponding impedance response which has a phase angle greater than 45 according to the model by Keiser et al. is depicted in Fig. 8b (right) . A homogeneous coverage depicted in Fig. 8c (left) will lead to a homogeneous layer thickness and will hence show a uniform resistance down the pore, which is analogous to a cylindrical electrolyte filled pore with a constant diameter (Fig. 8c  middle) . This will then produce an impedance response with a 45 phase angle (Fig. 8c right) . The homogeneous coverage makes all active sites accessible, while only creating a thin barrier for gas transport through the Nafion film, leading to full utilisation and optimal performance. A high ionomer loading as depicted in Fig. 8d (left) will fill up the pore and will lead to a lower resistance further inside the pore where the ionomer thickness is significantly higher. This would translate into a pore with a narrow mouth and wide body (Fig. 8d middle) . A phase angle below 45 is then obtained (Fig. 8d right) . While in this configuration, all active sites should be ionically accessible, the thick Nafion layer will severely impede gas transport and lead to poor performance. Although this might be an oversimplified model it can explain the anomalous effects observed here and suggests that homogeneous current distribution within the catalyst layer is crucial. Table 2 correlates the different catalyst I/C ratios with the operating conditions and the performance. It is clear that the best performing I/C ratio for each catalyst always exhibits the desired impedance response. Namely a 45 high frequency phase angle and a close to 90 low frequency phase angle. A non-optimal ionomer loading will inevitably lead to an inhomogeneous resistance within the catalyst layer, consistent with the anomalous impedance behaviour observed for the H 2 / Argon single cells at high frequencies and the Warburg impedance seen at high current densities for the H 2 /O 2 cells. The method proposed here can easily identify the presence of such inhomogeneities and hence significantly aid in strategies for the optimisation of the electrode catalyst layer structures.
In Fig. 8e we provide a simple flow diagram showing how an optimisation process for these electrodes would be implemented. The approach involves making a succession of electrodes and determining their EIS performance in a fuel cell configuration running on H 2 /Argon. Utilising this approach we would determine the optimum configuration for all our catalyst systems in a minimum number of steps.
Conclusion
By performing an extensive Electrochemical Impedance Spectroscopy (EIS) investigation of three different non-precious metal catalysts with different ionomer content in PEM single cells, it was found that impedance spectroscopy can be used as a diagnostic tool to find an optimised ionomer loading for a given new catalyst. An ionomer coverage which is too high will lead to a deviation from the high frequency 45 line in the Nyquist plot with a tendency to follow a 30 line when the cell is operated in the absence of a Faradaic reaction. Although the suggestion for the source of this phenomenon relies on an oversimplified method it may give an idea of what impact an inhomogenous resistance within pores can exhibit. A flow chart illustrates the steps needed to optimise the catalyst layer and determine the optimum ionomer content. This study will help to speed up the time consuming optimisation of MEAs operated on newly developed catalysts. Table 2 Values of the different catalyst I/C ratios and the corresponding H 2 /O 2 performance. It can be seen in Fig. 4 that the phase angle under H 2 /O 2 which is obtained for the respective I/C ratio under operation conditions as shown in Fig. 3 , resembles the phase angle described in Fig. 8 .
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